Abstract. We show how Fourier transformations can be extended to Hamilton's algebra of quaternions. This was initially motivated by applications in nuclear magnetic resonance and electric engineering. Followed by an ever wider range of applications in color image and signal processing. Hamilton's algebra of quaternions is only one example of the larger class of Clifford's geometric algebras, complete algebras encoding a vector space and all its subspace elements. We introduce how Fourier transformations are extended to Clifford algebras and applied in electromagnetism, and in the processing of images, color images, vector field and climate data.
There is the alternative operator exponential Clifford Fourier transform (CFT) approach, mainly pursued by the Clifford Analysis Group at the university of Ghent (Belgium) [2] . Our aim here is to provide an overview of research based on the holistic investigation [21] of real geometric square roots of −1 in Clifford algebras Cl(p, q) over real vector spaces R p,q . These algebras include real and complex numbers, quaternions, Pauli-and Dirac algebra, space time algebra, spinor algebra, Lie algebras, conformal geometric algebra and many more. The resulting CFTs are therefore perfectly tailored to work on functions valued in these algebras. In general the continuous manifolds of √ −1 in Cl(p, q) consist of several conjugacy classes and their connected components. Simple examples are shown in Fig.  1 .
A CFT analyzes scalar, vector and multivector signals in terms of sine and cosine waves with multivector coefficients. Basically, the imaginary unit i ∈ C in the transformation kernel e i φ = cos φ + i sin φ is replaced by a √ −1 in Cl(p, q). This produces a host of CFTs, an incomplete brief overview is sketched in Fig. 2 , see also the historical overview in [2] . Additionally the √ −1 in Cl(p, q) allow to construct further types of integral transformations, notably Clifford wavelets [16, 25] .
Recently a rigorous effort was made in [5] to design a general geometric Fourier transform, that incorporates most of the previously known CFTs with the help of very general sets of left and right kernel factor products
is defined similarly, and h : R p ,q → Cl(p, q) is the multivector signal function. This clearly subsumes the CFT due to Sommen and Buelow [4] 
where x, ω ∈ R n with components x k , ω k , and {e 1 , . . . e k } is an orthonormal basis of R 0,n , h : R n → Cl(0, n).
It is further possible [11] to only pick strictly mutually commuting sets of √ −1 in Cl(p, q), e.g. e 1 e 2 , e 3 e 4 ∈ Cl(4, 0) and construct CFTs with therefore commuting kernel factors in analogy to (2) . Also contained in (1) is the color image CFT of [26] F CI {h}(ω) = 
where B ∈ Cl(4, 0) is a bivector and I 4 B ∈ Cl(4, 0) its dual complementary bivector. It is especially useful for the introduction of efficient non-marginal generalized color image Fourier descriptors.
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The main type of CFT, which we will review here is the general two sided CFT [19] with only one kernel factor on each side
In the following we will discuss eleven transforms, which belong to this class of CFTs, see the lower half of Fig. 2 .
One of the nowadays most widely applied CFTs is the quaternion Fourier transform (QFT) [14, 20] 
which also has variants were one of the left or right kernel factors is dropped, or both are placed together at the right or left side. It was first described by Ernst, et al, [10, pp. 307-308] (with f = i, g = j) for spectral analysis in twodimensional nuclear magnetic resonance, suggesting to use the QFT as a method to independently adjust phase angles with respect to two frequency variables in two-dimensional spectroscopy. Later Ell [8] independently formulated and explored the QFT for the analysis of linear time-invariant systems of PDEs. The QFT was further applied by Buelow, et al [3] for image, video and texture analysis, by Sangwine et al [27, 2] for color image analysis and analysis of non-stationary improper complex signals, vector image processing, and quaternion polar signal representations. It is possible to split every quaternion-valued signal and its QFT into two quasi-complex components [20] , which allow the application of complex discretization and fast FT methods. The split can be generalized to the general CFT (4) [19] in the form
In the case of quaternions the quaternion coefficient space R 4 is thereby split into two steerable (by the choice of f , g) orthogonal two-dimensional planes [20] . For colors expressed by quaternions, these two planes become chrominance and luminance when f = g = gray line [9] . Georgiev and Morais have modified the QFT to a quaternion Fourier Stieltjes transform [13] .
with f = −i, g = −j, σ k : R → H, |σ k | ≤ δ k for real numbers 0 < δ k < ∞, k = 1, 2. Introducing polar coordinates in R 2 allows to establish a quaternion Fourier Mellin transform (QFMT) [22] 
which can characterize 2D shapes rotation, translation and scale invariant, possibly including color encoded in the quaternion valued signal h : R 2 → H such that |h| is summable over R * + × S 1 under the measure dθ dr/r, R * the multiplicative group of positive non-zero numbers, and f , g ∈ H two √ −1. The QFMT can be generalized straightforward to a Clifford Fourier Mellin transform applied to signals h : R 2 → Cl(p, q), p + q = 2 [18] , with f , g ∈ Cl(p, q), p + q = 2.
The spacetime algebra Cl(3, 1) of Minkowski space with orthonormal vector basis {e t , e 1 , e 2 , e 3 }, −e 2 t = e 2 1 = e 2 2 = e 3 3 , has three blades e t , i 3 , i st of time vector, unit space volume 3-vector and unit hyperspace volume 4-vector, which are isomorphic to Hamilton's three quaternion units e 2 t = −1, i 3 = e 1 e 2 e 3 = e * t = e t i −1
The Cl(3, 1) subalgebra with basis {1, e t , i 3 , i st } is therefore isomorphic to quaternions and allows to generalize the two-sided QFT to a volume-time Fourier transform
with x = te t + x ∈ R 3,1 , x = x 1 e 1 + x 2 e 2 + x 3 e 3 , ω = ω t e t + ω ∈ R 3,1 , ω = ω 1 e 1 + ω 2 e 2 + ω 3 e 3 . The split (6) with f = e t , g = i 3 = e * t becomes the spacetime split of special relativity 
It is most interesting to observe, that the volume-time Fourier transform can indeed be applied to multivector signal functions valued in the whole spacetime algebra h : R 3,1 → Cl(3, 1) without changing its form [14, 17] 
The split (11) applied to spacetime Fourier transform (12) leads to a multivector wavepacket analysis
in terms of right and left propagating spacetime multivector wave packets. Finally, we turn to one-sided CFTs, which are obtained by setting the phase function u = 0 in (4). A recent discrete spinor CFT used for edge and texture detection is given in [1] , where the signal is represented as a spinor and the √ −1 is a local tangent bivector B ∈ Cl(3, 0) to the image intensity surface (e 3 is the intensity axis).
The following class of one-sided CFTs which uses a single pseudoscalar √ −1 has been well studied and applied [15] F PS {h}(ω) = R n h(x)e −i n x·ω d n x, i n = e 1 e 2 . . . e n , n = 2, 3(mod 4),
where h : R n → Cl(n, 0), and {e 1 , e 2 , . . . , e n } is the orthonormal basis of R n . Historically the special case of (14) , n = 3, was already introduced in 1990 [23] for the processing of electromagnetic fields. This same transform was later applied [12] to two-dimensional images embedded in Cl(3, 0) to yield a two-dimensional analytic signal, and in image structure processing. Moreover, the pseudoscalar CFT (14), n = 3, was successfully applied to three-dimensional vector field processing in [7, 6] with vector signal convolution based on Clifford's full geometric product of vectors. The theory of the transform has been thoroughly studied in [15] . For embedding one-dimensional signals in R 2 , [12] considered in (14) the special case of n = 2, and in [7, 6] this was also applied to the processing of two-dimensional vector fields.
Recent applications of (14) with n = 2, 3, to geographic information systems and climate data can be found in [29, 28, 24] .
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